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High voltage dye-sensitized solar cells (DSCs) are becoming novel sources in the 
production of various fuel precursors, such as carbon monoxide and hydrogen, by powering 
carbon dioxide reduction, water oxidation, and proton reduction catalysts via sunlight. An 
important task in order to increase overall efficiency of DSC devices is to minimize 
recombination (electron flow in an undesirable direction) while increasing photovoltage. 
Surface treatment modifications can be applied to the TiO2 electrodes within DSC devices 
in an effort to block recombination without negatively effecting the other device 
performance metrics: fill factor (FF), short-circuit current density (Jsc), and open-circuit 
photovoltage (Voc). In this manuscript, PFTS (1H,1H,2H,2H-
perfluorooctyltrimethoxysilane) for fluorinated self-assembled monolayer (F-SAM) as a 
post-sensitization treatment and a MgO (magnesium oxide) pre-sensitization treatment are 
explored as effective ways of slowing charge recombination, leading to more efficient 
devices. Devices employing the PFTS treatment for a ruthenium-based (Ru(II)) benchmark 
sensitizer, B11, and a Co(bpy)33+/2+ redox shuttle achieved an increased Voc of 779 mV with 
a power conversion efficiency (PCE) of 7.7% compared to the standard device preparation 
results of 724 mV and 5.9% PCE. Devices employing the MgO treatment showed a Voc of 
773 mV with a PCE of 6.9%, while devices employing both the MgO and PFTS treatments 
showed a Voc of 809 mV with a PCE of 6.6%. The strategy for a successful surface 
treatment with PFTS is discussed herein for DSCs employing an Ru(II) sensitizer and a 
Co(bpy)33+/2+ redox shuttle, which are known to have adverse recombination losses when 
paired together.  
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1. Introduction.  
 As a result of continually rising industrial demands, increasing population, and 
addition of new technologies to daily life, the world’s energy consumption is increasing 
every year. Since 2010, the total energy consumption is expected to increase 56% by 2040.1 
This massive increase is worrisome because of the fact that a majority of the energy used 
today comes from nonrenewable sources. Nonrenewable energy sources include crude oil, 
natural gas, coal, and uranium and it is projected that 80% of the world’s energy 
consumption will come from nonrenewable sources through the year 2040.1,2 With 
nonrenewable sources depleting, sustainable and renewable sources of energy are highly 
desired. Among all the renewable sources, the most widely available and reliable source is 
the sun. By the year 2050, it is projected that the world will require 28 TW of energy to 
operate. The sun continually radiates 1.7x105 TW of solar energy onto the earth’s surface. 
Taking into consideration the practical amount of energy that could be potentially 
harnessed, an estimated 600 TW of solar energy continuously hits the earth’s terrestrial 
surface yearly.3 Therefore, provided that this abundant solar energy can be efficiently 
harnessed, the world’s future energy demands can be met in a sustainable fashion. 
 One promising approach being explored by our group is to harness and store the 
sun’s energy in chemical bonds, or solar fuels.4-12 To produce these fuels, sunlight can be 
used to drive the production of fuel precursors, such as carbon monoxide and hydrogen, 
through carbon dioxide reduction, water oxidation, and proton reduction.13,14 Rather than 
using sunlight directly, solar cells can be used to power these catalytic processes. For solar 
cells to work efficiently, the highest voltage possible is needed in order to power catalysts 
for water oxidation coupled with CO2 reduction. Therefore, the solar cells must be able to 
power the difference in electron overpotential of the water oxidation catalyst and the CO2 
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reduction catalyst.15 Dye-sensitized solar cells (DSCs), which are inherently high 
photovoltage systems, can meet this demand. Compared to popular silicon solar cells, 
DSCs offer a relatively cheap, versatile, flexible, lightweight, and stable option being 
actively explored by our group.3, 16-34 
 A typical DSC device schematic is shown below in Figure 1. A DSC consists of a 
photoanode made of porous TiO2 on conductive, fluorine-doped tin oxide (FTO) glass for 
dye anchoring and a cathode or counter electrode made of a platinum coating on FTO glass, 
which are sandwiched together. Between these two glass sheets, a redox shuttle (or an 
electrolyte) is introduced to regenerate the oxidized dye. A cobalt bipyridine pair 
(Co(bpy)33+/Co(bpy)32+) is used in this case. A charge-transfer dye is anchored on the TiO2 
layer. Upon photoexcitation of the dye, an electron from the dye is injected into the 
conduction band of TiO2, oxidizing the dye. The injected electron is then extracted from 
TiO2 and travels through the outer circuit. At the cathode, the electrons are taken by the 
oxidized redox shuttle from the counter electrode. The redox shuttle then reduces the 








Figure 1. Schematic of a typical DSC.   
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The overall power conversion efficiency of the device (referred to as PCE or simply 
as h) is based on the device’s output parameters (Equation 1). The parameters that make 
up the current-voltage characteristics are measured to yield the Jsc (short-circuit current 
density), Voc (open-circuit voltage), and FF (fill factor). To obtain these parameters, the 
device is irradiated with a stimulated solar light, typically a Xenon lamp with an AM 1.5G 





Equation 1. Calculation to determine the overall PCE of a DSC device. 
Other than the desired processes detailed above (indicated by the bold blue arrows 
in Figure 1), undesired electron pathways throughout the device are possible (indicated by 
the red arrows in Figure 1). One of the most prominent issues in DSCs that use positively 
charged redox shuttles is recombination between the injected electrons and the oxidized 
redox shuttle. Another less common problem is known as back electron transfer in which 
the electrons relax back to the dye’s ground state from the TiO2 conduction band. Both of 
these electron transfers lead to performance-diminishing effects. In this study, strategies to 
circumvent undesired recombination losses were studied based on F-SAM and MgO 
treatments on the TiO2 electrode in order to enhance photovoltage and PCE.   
Figure 2 illustrates the structure of the benchmark ruthenium-based 
photosensitizers (Ru(II)) B11 and N719, along with the redox shuttle Co(bpy)33+/2+.36,37 
Iodide redox shuttles (I-/I3-) are more commonly used as the electrolyte in DSCs; however, 
the Co(bpy)33+/2+ redox shuttle has a lower ground state oxidation potential which leads to 
higher voltage, and its oxidation potential can be modulated by adding substituents to the 
bipyridine ligand for tunability, making it much more attractive. The downside is the 
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positively charged nature (i.e. +3/+2) of this redox shuttle, which means the negatively 






Figure 2. Structure of B11, N719, and Co(bpy)33+/2+. 
Concerning the photosensitizers, Ru(II) dyes containing NCS ligands, such as B11 
and N719, are popular in DSCs because of their ultrafast injection of electrons to TiO2, 
broad absorption spectrum, and minimal aggregation issues which leads to high 
photocurrents.16 However, NCS is not a very bulky ligand which leaves open spaces for 
the redox shuttle to come in close proximity to the surface of TiO2, resulting in undesired 
recombination and lowered photovoltage.38-43 Ruthenium-based, NCS-containing dyes are 
rarely used with Co(bpy)33+/2+.38,44-46 For this study, it was hypothesized that the 
combination of Co(bpy)33+/2+, because of possible high photovoltage output, and Ru(II) 
dyes, owing to high photocurrent output, can result in overall higher PCE if recombination 
losses can be minimized. N719 is a non-alkylated, NCS-containing ruthenium dye that 
achieves PCE values of 10% with I-/I3- redox shuttles.47 In contrast, B11 is an alkylated, 
NCS-containing ruthenium dye that has better inherent performance with Co(bpy)33+/2+ 
redox shuttles because the alkyl chains serve to insulate electrons on the TiO2 surface and 
lower recombination losses. In this study, surface treatments were employed with both the 
B11 and N719 dyes in devices with cobalt electrolyte to study the effect of surface 
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treatment modifications on the performance of DSCs containing alkylated and non-
alkylated Ru(II) dyes.   
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2. Device Fabrication. 
 The B11 photosensitizer was purchased from Dyenamo, Sweden and the N719 
photosensitizer was purchased from Solaronix, Switzerland. Both were used as received. 
TiO2 paste was purchased from GreatCell Solar, Australia and FTO glass was purchased 
from Hartford Glass.  
 
 2.1 Photoanode Preparation 
A sheet of 3.3 mm thick FTO glass (TEC 10) is scored on the non-
conductive side and broken apart with a rubber tipped glass breaking tool to 
produce 10 cm long x 4 cm wide segments. Grid lines are scored to produce ten 
2x2 cm squares. The glass shavings are blown off with compressed air. The glass 
sheets are sonicated for 15 minutes at room temperature in a 0.2% Deconex 21 
aqueous solution, followed by 10 minutes of sonication in both acetone and ethanol. 
The FTO sheets are placed under UV/ozone for 15 minutes for further cleaning.  
 
 2.2 TiO2 Preparation 
The glass sheets are pretreated by submerging them in a 40 mM TiCl4 
solution in water with the FTO side facing up. They are then heated for 30 minutes 
at 70°C and rinsed with water and ethanol. A porous screen from Sefar was used to 
obtain ~2.5-micron thick TiO2 films. The prepared FTO sheet is placed under the 
screen with the porous sections of the screen in the middle of each 2x2 cm square. 
Active layer TiO2 paste (30 nm particles, P30) is squeegeed at a 45° angle to fill 
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the screen’s holes in a single swipe. The screen is lowered down onto the FTO sheet 
and the squeegee is swiped with firm downward pressure on the sheet to ensure 
even transfer of TiO2 paste to the FTO sheet. The printed sheet is set aside to wait 
for the screen memory to clear from the applied paste and then it is placed on a 
140°C hotplate for 7 minutes. A profilometer is used to analyze the thickness of the 
printed TiO2 film and additional active TiO2 layers can be applied as necessary 
following the same procedure. A scattering layer (TiO2 particle size >100 nm) is 
applied last in the same way as the active TiO2 layer. The FTO segments are 
sintered in a furnace with progressive heating from r.t. to 125°C (5 min ramp, 5 min 
hold) to 325°C (15 min ramp, 5 min hold) to 375°C (5 min ramp, 5 min hold) to 
450°C (5 min ramp, 15 min hold) to 500°C (5 min ramp, 15 min hold). After the 
segments have cooled to at least 200°C, they are removed from the oven and 
allowed to cool to room temperature. An over layer treatment with 40 mM TiCl4 is 
repeated just as the pretreatment was performed before at 70°C for 30 minutes.  
  
 2.3 TiO2 Film Sensitization 
The segments are broken into 2x2 cm individual electrodes after being 
heated in a furnace for 30 minutes at 500°C. After the electrodes have cooled to 
room temperature, they are submerged in 6 mL of dye solution overnight. The B11 
dye solution was 0.3 mM in equal parts acetonitrile, tertbutyl alcohol, and DMSO 
with a chenodeoxycholic acid (CDCA, added as a coadsorbent) concentration of 20 
mM. The N719 dye solution was 0.3 mM in ethanol. Two electrodes are submerged 




2.4 Cathode or Counter Electrode Preparation 
A sheet of TEC 7 conductive glass is scored into gridded segments the same 
way as described above for the photoanodes. The FTO side is covered with tape to 
protect the FTO. The segment is submerged under water and a Dremel is used to 
drill two small holes ~1-cm apart starting from the non-conductive side. The tape 
is removed, and the segments are rinsed with water. They are sonicated in 100 mM 
HCl (aq) for 15 minutes at room temperature. They are rinsed with acetone and 
sonicated in acetone for 10 minutes and then dried at 400°C in a furnace for 15 
minutes. The segments are broken apart into 2x2 cm squares. Next, 1-2 drops of 
Platisol is placed on the FTO side and slot-printed to cover the active area of the 
counter electrode. The platinum is allowed to dry, and the segments are heated in a 
furnace for 10 minutes at 450°C.  
 
 2.5 Device Fabrication 
All materials are kept in an N2 glove bag during fabrication. The dye-
sensitized electrodes are removed from the dye solution and rinsed with 
acetonitrile. A Surlyn ring (25 micron thick, 16 mm outer diameter, 13 mm inner 
diameter) is placed around the sensitized TiO2 film. A platinum counter electrode 
is placed, FTO side down, on top of the Surlyn seal with the two drilled holes just 
inside of the Surlyn seal inner radius. The counter electrode is placed so that at least 
one corner of both the electrode and the counter electrode have enough space to be 
soldered to apply an electrical contact. The TiO2-Surlyn-Platinum sandwich is 
placed on a silicon pad which is placed under a sealing machine. The heated 
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pressing is initiated at 130°C at 0.15 MPa of pressure for 60 seconds. The cobalt 
electrolyte solution is filled in through one of the counter electrode holes using a 
syringe with a sealing Solaronix tip accessory. The electrolyte is added very slowly 
until it begins to come out of the other hole. The excess electrolyte is wiped away 
with acetonitrile, a Surlyn seal is placed around the holes, and a thin glass cover 
slip is placed on top of the Surlyn. The device is placed back into the sealing 
machine and heat pressed at 130°C at 0.10 MPa of pressure for 25 seconds. 
Contacts are applied to the photoanode and the cathode with a sonicating soldering 



























3. Synthesis of Co(bpy3)3+/2+. 
 As shown in Figure 3, Co(bpy)32+ is formed through a reaction between 
CoCl2•6H2O and 2,2’-bipyridine which are dissolved in a minimal amount of methanol 
and refluxed for 2 hours. The resulting solution is cooled and added to an aqueous, 
saturated solution of potassium hexafluorophosphate (KPF6) to precipitate Co(bpy)32+ as a 
light brown solid. The product is then filtered, washed with methanol and ethanol, dried 
under vacuum, and used without further purification. A portion of Co(bpy)32+ was oxidized 
by a reaction with NOBF4 in acetonitrile for 30 minutes. The solvent was then removed by 
vacuum filtration. The remaining solid was re-dissolved in a minimal amount of 
acetonitrile and added to a saturated aqueous solution of KPF6 to precipitate the Co(bpy)33+ 





















Figure 3. Synthesis of Co(bpy)33+/2+.    
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4. Surface Treatments. 
 Both the PFTS and the MgO surface treatments were employed individually and 
together to study their effect on device parameters and the overall PCE. 
  
 4.1 PFTS Treatment 
The PFTS post-sensitization treatment uses 1H,1H,2H,2H-
perfluorooctyltrimethoxysilane (Figure 4) for the formation of F-SAM (fluorinated 
self-assembled monolayer). The PFTS molecules anchor to the TiO2 surface 
through their silanol functional group. The long, fluorinated chains of PFTS 
position themselves between the dye molecules which not only aligns them, 
decreasing aggregation, but also physically blocks recombination by filling up the 
spaces where the redox shuttle could possibly get in to cause recombination.49 The 
treatment is performed by preparing a 6 mL solution (of desired molarity) of PFTS 
in hexane. The electrodes that have been dyed overnight are rinsed with acetonitrile, 
dried, and submerged in the PFTS solution for 90 minutes in a 30°C water bath. 






Figure 4. Structure of 1H,1H,2H,2H-perfluorooctyltrimethoxysilane (PFTS).  
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4.2 MgO Treatment 
The MgO pre-sensitization treatment uses a Mg(OMe)2 solution anchored 
to the TiO2, through incorporation in the semiconductor matrix, underneath the dye 
layer. This metal oxide effectively raises the conduction band of TiO2 which leads 
to an increased Voc. It also forms an effective over layer to block possible 
recombination or back electron transfer from the TiO2 conduction band.50 The 
treatment is performed by preparing a 6 mL solution, of desired concentration, of 
Mg(OMe)2 in methanol. Before sensitization, two electrodes are dipped in the MgO 
solution in the dark for 30 minutes. After 30 minutes, the electrodes are rinsed with 
methanol and dried in a furnace for 1 hour at 500°C. The electrodes are allowed to 
cool to room temperature and then submerged in dye solution overnight. 
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5. Results and Discussion.   
 
 5.1 PFTS Treatment 
Table 1 details selected results when B11/Co(bpy)33+/2+ device performance 
was analyzed after implementation of different concentrations of the PFTS surface 
treatment.  The 0.025 M PFTS solution (entry 3) produced the best results with a 
55 mV increase in Voc and a 30% increase in overall efficiency. The 0.0125 M PFTS 
solution (entry 2) provided an increase in Voc but did not increase the Jsc 
significantly. As more concentrated solutions of PFTS were attempted (entries 4-
6), all of the DSC parameters suffered, possibly because the PFTS may have been 
displacing dye molecules off the TiO2 surface. Charge extraction studies (Figure 
S9) display a shifted Voc for 0.025 M and 0.05 M PFTS, indicating a conduction 
band shift that is responsible for the higher photovoltage seen in these devices.  
Figure 5 shows the J-V curves for the devices treated with PFTS. All values 
shown in Table 1 were obtained from the J-V curve data. Figure 6 shows the IPCE 
(incident photon-to-current conversion efficiency) comparison for each 
concentration of PFTS. Devices made with no treatment displayed a peak IPCE of 
60% while devices treated with 0.025 M PFTS had an increased peak IPCE of 
almost 70%. This increase in DSC performance can be assigned to the surface 
blocking role of PFTS, which was further confirmed by electron lifetime 
measurements (vide infra). Photocurrent dynamic measurements (Figure S3 and 
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S4) show that diffusion, dye aggregation, and dye regeneration loses are not factors 
in the enhancement of B11/Co(bpy)33+/2+ device performance with the addition of 
0.025 M PFTS. 
Entry PFTS Voc (mV) Jsc (mA/cm2) FF PCE (%) 
1 None 724 11.47 0.68 5.91 
2 0.0125 M 759 11.75 0.69 6.35 
3 0.025 M 779 13.47 0.70 7.69 
4 0.05 M 761 13.37 0.67 6.92 
5 0.1 M 746 10.10 0.71 5.42 
6 0.2 M 732 10.30 0.70 5.43 
Table 1. Effect of varying PFTS concentrations on B11/Co(bpy)33+/2+ device 
performances. Each entry is an average of at least 2 devices with a PCE standard 
deviation of ≤0.3. TiO2 active layer thickness was 5 µm with a 5 µm thick scattering 
























Figure 6. IPCE curves for varying PFTS concentrations on B11/Co(bpy)33+/2+ 
device performances. 
 Electrochemical impedance spectroscopy (EIS) was conducted for select 
concentrations of PFTS on B11/Co(bpy)33+/2+ devices at open circuit potential 
(Table 2, Figure 7). The charge recombination resistance (Rrec) was higher for the 
best PFTS concentration, 0.025 M (91 W), than the 0.05 M PFTS (42W) which 
demonstrates this optimal concentration’s ability to block recombination events at 
the TiO2 surface. EIS was also used to analyze the charge collection efficiency (hcc) 
from the equation: hcc = 1/(1+(RCE/Rrec)), where RCE is the resistance at the counter 
electrode. The optimal PFTS concentration of 0.025 M achieved a hcc of 93% while 
the 0.05 M PFTS concentration only reached 63%. Using the Bode plot, the electron 
lifetime in TiO2 was analyzed as well. The TiO2-dye interfacial electron transfer to 
the cobalt electrolyte is seen at frequencies between 1 and 10 Hz, indicated by the 
vertical grey lines in Figure 7. These peak frequencies, f, are used to calculate the 
 16 
electron lifetime in TiO2 (tTiO2) with the equation: tTiO2 = 1/(2pf). Showing a 
consistent trend with the rest of the EIS data, the optimal PFTS concentration, 0.025 
M, displayed a much shorter electron lifetime (15.9 ms) than the 0.05 M PFTS 
concentration (159.2 ms). However, a discrepancy arose when small modulated 
photovoltage transient studies (Figure S1) were performed—a slightly longer 
electron lifetime for 0.025 M PFTS than for 0.05 M PFTS is indicated. 
Table 2. Electrochemical impedance spectroscopy data for B11/Co(bpy)33+/2+ 
devices treated with PFTS. Rs is the series resistance, Rrec is the recombination 
resistance of electrons in TiO2 across the TiO2-dye interface to an oxidized redox 
shuttle, Cµ is the chemical capacitance for charge accumulation in TiO2, RCE is the 
electron transfer resistance at the counter electrode to the oxidized redox shuttle, 
CCE is the capacitance at the electrolyte-counter electrode interface, hcc is the charge 









Device Rs (W) Rrec 
(W) 




hcc (%) tTiO2 
(ms) 
0.025 M PFTS 22 91 3.6x10-4 7 1.7x10-5 93 15.9 











































Figure 7. Nyquist (left) and Bode (right) plots from electrochemical impedance 
spectroscopy for B11/Co(bpy)33+/2+ devices treated with PFTS. The fitting circuit 
is showed on the left of the Nyquist plot. 
Table 3 shows the effect of varying PFTS concentrations on devices made 
with N719 and cobalt redox shuttles. The low voltage of 615 mV and low efficiency 
of only 1.58% (entry 1) demonstrates the inability of non-alkylated ruthenium dyes 
paired with cobalt electrolyte to perform efficiently as a result of recombination 
losses. With the 0.0125 M PFTS surface treatment, the results are enhanced with a 
85 mV increase in Voc to 700 mV and an almost doubled PCE of 3.40% (entry 2). 
As the PFTS concentrations were increased (entries 3-6), both the Voc and Jsc values 
suffered, demonstrating that the N719 dye is unable to handle as high of a PFTS 
concentration as the alkylated B11 dye.  
Figure 8 and Figure 9 display the J-V and IPCE curves for varying PFTS 
concentrations on N719/Co(bpy)33+/2+ devices respectively. All values shown in 
Table 3 were obtained from the J-V curve data. Devices treated with 0.0125 M 
PFTS had an increased peak IPCE of around 40% compared to the untreated device 
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peak IPCE of only 25%. Photocurrent dynamic studies for N719/Co(bpy)33+/2+ 
devices with 0.0125 M PFTS treatment indicate no observable diffusion, dye 
aggregation, or dye regeneration loses (Figure S7). 
Entry PFTS Voc (mV) Jsc (mA/cm2) FF PCE 
1 None 615 4.53 0.56 1.58 
2 0.0125 M 700 6.75 0.69 3.40 
3 0.025 M 691 6.35 0.69 3.04 
4 0.05 M 700 6.05 0.72 3.11 
5 0.1 M 673 5.87 0.70 2.86 
6 0.2 M 678 6.15 0.70 3.00 
Table 3. Effect of varying PFTS concentrations on N719/Co(bpy)33+/2+ device 
performances. Each entry is an average of at least 2 devices with a PCE standard 
deviation of ≤0.3. TiO2 active layer thickness was 5 µm with a 5 µm thick scattering 






























Figure 9. IPCE curves for varying PFTS concentrations on N719/Co(bpy)33+/2+ 
device performances. 
 
5.2 MgO Treatment 
Table 4 summarizes the selected results from varying concentrations of 
MgO on B11/Co(bpy)33+/2+ device performance. The optimal concentration of MgO 
was found to be 0.001 M with about a 50 mV increase in Voc and a 17% increase in 
overall PCE (entry 2). Although photovoltage as high as 859 mV, a 135-mV 
increase compared to untreated conditions, was reached with a 0.1 M MgO 
concentration (entry 6), photocurrent greatly suffered and ultimately caused a 
decrease in PCE. Beginning with a MgO concentration of 0.005 M (entry 3), the 
photocurrent began to decrease and displayed a dramatic drop at a concentration of 
0.01 M MgO (entry 4). Photocurrent continued to decrease as MgO concentration 
increased (entries 5-7). The reason for this opposite trend in voltage and current 
with increasing concentrations of MgO is attributed to the MgO negatively shifting 
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the TiO2 conduction band which hinders electron injection. Charge extraction 
studies (Figure S9) demonstrate voltage shifts that are in accordance with the 
increased photovoltages seen in devices treated with MgO.  
Figure 10 shows the J-V curves for the varying MgO concentrations and 
Figure 11 shows the IPCE curves for these devices. All values shown in Table 4 
were obtained from the J-V curve data. Devices treated with 0.001 M MgO had an 
increased peak IPCE of almost 70% compared to 60% for the untreated devices. 
Photocurrent dynamic studies for B11/Co(bpy)33+/2+ devices treated with 0.001 M 
MgO show a slight indication of diffusion, but no dye aggregation or dye 
regeneration loses (Figure S5).  
Entry MgO Voc (mV) Jsc (mA/cm2) FF PCE 
1 None 724 11.47 0.68 5.91 
2 0.001 M 773 13.15 0.68 6.90 
3 0.005 M 764 12.15 0.61 5.65 
4 0.01 M 809 8.25 0.71 4.85 
5 0.05 M 841 7.15 0.74 4.57 
6 0.1 M 859 7.85 0.76 5.21 
7 0.15 M 836 6.8 0.75 4.34 
Table 4. Effect of varying MgO concentrations on B11/Co(bpy)33+/2+ device 
performances. Each entry is an average of at least 2 devices with a PCE standard 
deviation of ≤0.3. TiO2 active layer thickness was 5 µm with a 5 µm thick scattering 




























Figure 11. IPCE curves for varying MgO concentrations on B11/Co(bpy)33+/2+ 
device performances. 
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 Electrochemical impedance spectroscopy (EIS) was also conducted for 
select concentrations of MgO on B11/Co(bpy)33+/2+ devices at open circuit potential 
(Table 5, Figure 12). The charge recombination resistance (Rrec) was higher for 
the best PFTS concentrations, 0.001 M (62vW) and 0.005 M (64 W), than the 0.01 
M MgO (25 W) which demonstrates the ability of optimal MgO concentrations to 
block recombination events at the TiO2 surface. EIS was also used to analyze the 
charge collection efficiency (hcc) from the equation: hcc = 1/(1+(RCE/Rrec)), where 
RCE is the resistance at the counter electrode. The optimal MgO concentration of 
0.001 M achieved a hcc of 84% while the 0.01 M PFTS concentration only reached 
71%. Using the Bode plot, the electron lifetime in TiO2 was analyzed as well. The 
TiO2-dye interfacial electron transfer to the cobalt electrolyte is seen at frequencies 
between 10 and 100 Hz, indicated by the vertical grey lines in Figure 12. These 
peak frequencies, f, are used to calculate the electron lifetime in TiO2 (tTiO2) with 
the equation: tTiO2 = 1/(2pf). Interestingly, the optimal MgO concentration, 0.001 
M, and the second-best concentration of 0.005 M MgO displayed longer electron 
lifetimes (10.0 ms) than the 0.01 M MgO concentration (2.5 ms). However, small 
modulated photovoltage transient studies performed on these devices (Figure S1) 
indicate a longer electron lifetime for the 0.01 M MgO concentration than for the 













































RCE (W) CCE 
(mF) 
hcc (%) tTiO2 
(ms) 
0.001 M MgO 19 62 2.9x10-4 12 1.4x10-5 84 10.0 
0.005 M MgO 26 64 2.6x10-4 13 1.8x10-5 83 10.0 
0.01 M MgO 28 25 1.4x10-4 10 1.3x10-5 71 2.5 
Table 5. Electrochemical impedance spectroscopy data for B11/Co(bpy)33+/2+ 
devices treated with MgO. Rs is the series resistance, Rrec is the recombination 
resistance of electrons in TiO2 across the TiO2-dye interface to an oxidized redox 
shuttle, Cµ is the chemical capacitance for charge accumulation in TiO2, RCE is the 
electron transfer resistance at the counter electrode to the oxidized redox shuttle, 
CCE is the capacitance at the electrolyte-counter electrode interface, hcc is the charge 








Figure 12. Nyquist (left) and Bode (right) plots from electrochemical impedance 
spectroscopy for B11/Co(bpy)33+/2+ devices treated with MgO. The fitting circuit is 
showed on the left of the Nyquist plot. 
Table 6 displays the effect of increasing MgO concentrations on devices 
made with N719/Co(bpy)33+/2+. The addition of MgO barely increased the voltage 
of these devices in some cases (entries 3 and 4), whereas MgO decreased the current 
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of all devices substantially (entries 2-5). Therefore, the efficiencies of all 
N719/Co(bpy)33+/2+ devices treated with MgO were much lower than the already 
low value of the N719/Co(bpy)33+/2+ devices prepared at standard conditions (entry 
1).  
Figure 13 and Figure 14 show the J-V and IPCE curves, respectively, for 
N719/Co(bpy)33+/2+ devices treated with MgO. All values shown in Table 6 were 
obtained from the J-V curve data. The IPCE curves clearly show the decrease in 
N719 device performance with the addition of MgO. Photocurrent dynamic studies 
for N719/Co(bpy)33+/2+ devices treated with 0.1 M MgO (Figure S8) indicate 
diffusion.  
Entry MgO Voc (mV) Jsc (mA/cm2) FF PCE 
1 None 615 4.53 0.56 1.58 
2 0.01 M  605 2.50 0.55 0.85 
3 0.05 M  678 2.4 0.58 0.96 
4 0.1 M  682 2.7 0.58 1.20 
5 0.15 M  609 2.4 0.56 0.84 
Table 6. Effect of varying MgO concentrations on N719/Co(bpy)33+/2+ device 
performances. Each entry is an average of at least 2 devices with a PCE standard 
deviation of ≤0.3. TiO2 active layer thickness was 5 µm with a 5 µm thick scattering 

































5.3 PFTS/MgO Treatment 
Table 7 shows the results of varying PFTS concentration on B11 devices 
that have already been treated with 0.001 M MgO (the optimal MgO concentration). 
Entry 1 shows the values of an untreated device and entry 2 shows a device treated 
with only 0.001 M MgO. The best combination of PFTS/MgO was found to be 0.05 
M PFTS + 0.001 M MgO (entry 5); although, none of the combination values 
obtained as high of a PCE as the PFTS treatment or the MgO treatment alone. The 
0.05 M PFTS + 0.001 M MgO treatment lead to a Voc increase of 85 mV. Although 
the combination of the two treatments increased the Voc, the overall PCE was 
lowered because of the negative effect on Jsc, most likely due to hindered electron 
injection as a result of conduction band shifting. Entries 3 and 4 showed a lower 
increase in photovoltage than the 0.05 M PFTS + 0.001 M MgO treatment and entry 
6 displayed a low fill-factor, leading to a low PCE. Charge extraction studies carried 
out on these devices (Figure S10) show voltage shifts that are in accordance with 
the increased photovoltages seen in devices treated with a combination of MgO and 
PFTS.  
Figure 15 displays the J-V curves for the combination treatment devices 
and Figure 16 shows their IPCE curves. All values shown in Table 7 were obtained 
from the J-V curve data. Photocurrent dynamic studies (Figure S6) display no 
observable diffusion, dye aggregation, or dye regeneration loses for the 
combination of 0.05 M PFTS + 0.001 M MgO. Interestingly, small modulated 
photovoltage transient studies conducted on all combinations of PFTS/MgO 
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(Figure S2) show 0.0125 M PFTS + 0.001 M MgO having the shortest electron 
lifetime while 0.05 M PFTS + 0.001 M MgO has the longest.  
Entry PFTS Voc (mV) Jsc (mA/cm2) FF PCE 
1a None 724 11.47 0.68 5.91 
2 None 773 13.15 0.68 6.90 
3 0.0125 M 758 10.87 0.63 5.29 
4 0.025 M 764 11.55 0.71 6.45 
5 0.05 M 809 11.60 0.70 6.64 
6 0.1 M 782 13.45 0.49 5.29 
Table 7. Effect of increasing PFTS on MgO (0.001 M) treated TiO2 films with 
B11/Co(bpy)33+/2+ devices. a indicates no MgO treatment. Each entry is an average 
of at least 2 devices with a PCE standard deviation of ≤0.3. TiO2 active layer 










Figure 15. J-V curves for increasing PFTS on MgO (0.001 M) treated TiO2 films 















Figure 16. IPCE curves for increasing PFTS on MgO (0.001 M) treated TiO2 films 
with B11/Co(bpy)33+/2+ devices.  
Since results for N719/Co(bpy)33+/2+ devices treated with MgO had such 






 One of the crucial challenges facing DSC performance enhancement is unwanted 
recombination of injected electrons with the redox shuttle. Although ruthenium-based dyes 
and cobalt redox shuttles are both widely used and efficient DSC components, they are not 
often used together due to enhanced recombination losses and low PCE values. However, 
combining both high photocurrent Ru(II) dyes and high photovoltage cobalt redox shuttles 
is attractive when attempting to achieve devices with high overall PCE. N719 is a well-
known benchmark Ru(II), NCS-containing dye that achieves PCE values of 10% with 
iodide redox shuttles. B11 is a variant of N719 that contains alkyl chains that serve to 
distance the NCS groups and cobalt complexes from each other, as well as insulate the 
electrons on the surface of TiO2 to slow recombination. This study presented a series of 
surface treatment modifications to be applied pre-sensitization and/or post-sensitization in 
an attempt to prevent recombination, increase device photovoltage, and ultimately increase 
overall PCE. The employment of a 0.025 M PFTS for F-SAM post-sensitization surface 
treatment had the greatest effect on B11/Co(bpy)33+/2+ device performance with a Voc of 
779 mV and a PCE of 7.7%, a 55 mV increase in Voc and impressive 30% increase in 
overall PCE. The 0.001 M MgO surface treatment also proved effective for 
B11/Co(bpy)33+/2+ devices with a 50 mV increase in Voc and 17% increase in PCE. The 
combination of PFTS/MgO treatments was effective for B11/Co(bpy)33+/2+ devices in 
boosting their Voc with an 85-mV increase; however, the overall efficiency did not surpass 
the PCE values obtained with 
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singular treatments. The use of a 0.0125 M PFTS treatment on N719/Co(bpy)33+/2+ devices 
slightly increased the device PCE; however, overall performance was still lower than the 
performance of B11 devices. The MgO treatments on N719 devices adversely affected the 
overall efficiency. Thus, both PFTS and MgO treatments proved to be highly effective at 
enhancing the overall PCE, but when combined the results were not synergistic. 
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7. Future Work. 
 With help from collaborators in the Hammer group at the University of Mississippi, 
the needed charge injection efficiencies and dye regeneration efficiencies will be obtained. 
These studies use time-correlated single photon counting and nano-second transient 
absorption spectroscopy, respectively. Leigh Anna Hunt is currently pursuing these 
studies. These results will go on to confirm that the reason the devices’ performances have 
been enhanced by the surface treatments is because recombination loses are being blocked.   
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Figure S1. Small modulated photovoltage transient spectroscopy of electron lifetimes in 









Figure S2. Small modulated photovoltage transient spectroscopy of electron lifetimes in 

















































































































































































































































































Figure S10. Charge extraction studies of B11 devices treated with both PFTS and MgO.  
